Introduction
The upper or alpine timberline (AT) can be either a transitional zone or an abrupt border between continuous forest and herb, shrub and high mountain cushion communities (Tranquillini 1979) . The position of the AT is primarily determined by environmental conditions. Abiotic factors can affect the carbon balance of trees, and thus can be an indirect as well as a direct cause of damage and/or mortality to the individuals. Decreasing carbon balance with Ecological Society ~~~~ 88, 840-855 tors involved and their complex interactions vary with species and region (but see Korner 1998 for an opposing view).
Studies on the distribution of adult individuals along an altitudinal gradient (for instance, Slatyer 1976; Marchand & Chabot 1978; Tranquillini 1979) suggest that the negative effects of direct factors increase with altitude. As a result, AT trees experience extreme stress, but since the majority remain alive (Hadley & Smith 1983; Norton & Schonenberger 1984) this is not fatal (e.g. Gansert et al. 1999) . This emphasis on the adult stage of the life cycle may obscure the need to understand why trees continue to establish at the AT, despite adverse conditions, but not beyond it. In other words, what restrictions prevent AT adults from giving rise to offspring that can mature at greater elevations'? The number of individuals completing the life cycle depends on the number and intensity of demographic bottlenecks within it. The reproductive effort of a species, which determines the initial number of individuals, is likely to be critical and seed production is likely to decrease with altitude, but the same causal factors will also reduce germination, emergence and seedling survival. Abundance and survival of the individuals throughout their life cycle will show similar responses to a range of different factors and adult establishment will become increasingly improbable towards the AT to the point where it is unlikely above it.
A demographic study of Nothofng~rs pz~rnilio (Poepp. et Endl.) Krasser (Fagaceae) (lenga) was undertaken in which fruit and seed rain (quantity and quality) were measured, together with seedling emergence, density and survival, along an altitudinal gradient from forest to alpine zone in Tierra del Fuego. This enabled assessment of the bottlenecks presented at various stages and therefore investigation of the importance of pre-adult stages. Since establishment beyond the AT is limited by environmental restrictions, these should be reflected in the demographic data as a progressive reduction in population size above the AT, from the earliest stages of the life cycle to maturity. That is, few individuals will survive to become adults. A demographic model explaining the origin and abrupt character of the AT at this site is presented.
Materials and methods

S P E C I E S
Notlzofagus pun~ilio is one of the most widely distributed tree species in the temperate forests of South America and is found from 35"35' to 55'30's (Rodriguez et al. 1983; Donoso 1993) , generally close to the Andean mountain range but also on the ~~ range ,~ Chile ~~~ 1993).Coastal of f (Donoso 1981, l Throughout most of this distribution, it constitutes the upper limit of the tree vegetation, together with N . antarctica (G. Forster) Oerst. (Donoso 1993; Wardle 1998) . The altitudinal distribution is from 1300 to 2000m a.s.1. at 36's in mainland Chile (Donoso 1993) , and from 0 to 700m in Tierra del Fuego (54"s) (Arroyo et al. 1996) .
Lenga is a winter deciduous species, monoecious, wind pollinated and wind dispersed (Rodriguez et al. 1983; Dollenz 1995) . The species exhibits mast fruiting with peaks separated by 6-8 years (Mascarefio 1987; Schmidt et al. 1997) . In Tierra del Fuego the fruits (triquetrous nuts) rarely containing more than one seed, are dispersed mainly between February and April, and lie dormant over winter before germinating by October (Cuevas & Arroyo 1999) .
Studies of lenga dynamics (~l v a r e z& Grosse 1978; Schmidt & Urzua 1982; , including some on populations at the AT (Veblen 1979; Burns 1991; Rebertus et al. 1997) , suggest that seedlings only grow to reach the canopy when gaps are formed. There is no persistent seed bank in the soil (Cuevas & Arroyo 1999) , although the seedling bank (Schmidt & Urzua 1982; Arroyo 1995) can persist for up to 25 years (Henriquez et ul. 1997) .
S T U D Y S I T E
Balseiro mountain (54"13'13'S, 6So41'56'W, 850m a.s.1.; Fig. 1 (Arroyo 1995) . The AT is abrupt, consisting of erect lenga stems, 4-17m in height or, in sectors more exposed to wind, of crooked wood ('krummholz') 0.5-2in high.
Tierra del Fuego is characterized by short, cold summers and long winters with snow and frost (Soto 1994) . The Vicufia forests are typical of lenga forests in the Southern antiboreal zone (oceanity sector 2 (02) and humid province (h)) of Tuhkanen (1992) . Mean monthly temperature is therefore expected to vary from about -3 or -4°C to 9"C,
~~,
with three months with mean temperatures under 0 "C, a growing season of about 150days, precipita- tion between 400 and 500mm and a continentality index of 10. There are no long-term meteorological data for Balseiro mountain itself, but the nearest station, at Pampa Guanaco, lOOm a.s.l., 19 km to the north-west, had an annual mean temperature of 2.7 "C ( -72, Pisano 1995 . Climatic data for the alpine zone are scarce but mean air temperatures 7 cm above the soil of 9.61 "C (February), 6.36"C (March) and 4.41 "C (April) were recorded at a site 14m above the AT in 1998 (Cuevas & Arroyo 1999) .
Recr.~litr.r~ent at tlze Nothofagus pumilio
L---------- ti~nberline Pacific Ocean
Methods
A sector consisting of erect tree stems, a frequent phenomenon at Vicufia, was chosen for study. There was no evidence of vegetative reproduction, allowing evaluation of the importance of variations in the sexual reproductive potential as a function of altitude. The krummholz found at other locations is more likely to reproduce vegetatively, although this phenomenon has still not been reported for lenga (Rebertus et a/. 1997) .
The alpine timberline (AT) was defined as the vertical projection of the tree canopy at its ft~rthest point towards the alpine zone and thus represents the maximum altitudinal advance of the adult trees. To determine whether altitudinal variations observed in demographic parameters were similar from site to site, samples were taken from two adjacent slopes (with north-west and north aspects) on the same mountain, lOOm apart and separated by a ravine. Neither was affected by allogenic disturbances (landslides, fire, etc.) that might lower the AT. Demographic patterns were followed between 1996 and 1998.
F R U I T A N D S E E D R A I N
Although fruit rain reaching the soil underestimates total fruit production, as it disregards loss of fruits by pre-dispersal predation, it is a valid measure of the number of propagules that contribute to population regeneration. A 100 x 25 m plot was established beneath closed canopy at each altitude within the forest and on both slopes. Thirty plastic traps (32 x 27 x 13cm deep), perforated to allow rain and snow-water drainage, were randomly distributed in each plot. In 1996, fruit traps were also placed at 740 m a.s.1. (1 10 m from the AT). A more detailed study was carried out in 1997 with additional traps at 0, 5, 10, 20, 40 and 80m into the alpine zone from the AT. An extra plot was therefore established at 690m on each slope. The 30 traps per distance were then placed in a 100-m line, parallel to the curves of the AT. Fruit rain was collected every fourth day between February and April 1996 and then stored in paper bags in a fresh, dry place. In Ecological Society J~~, . ,
88, 840-855 each sampling, all traps were exanlined and the fruits collected. The traps were the11 left in place to quantifj any residual fruit rain during winter and spring, and collections were repeated in 1997 (only every 15th day, due to reduced fruit rain). A sample of 100 fruits was randomly chosen from the total collected at each altitude (Februar~l-April 1996) for determination of fruit quality parameters. Nuts were opened by hand and the proportion of seed-bearing fruit calculated. Seed viability was determined by soaking the seeds for one hour in a 0.5% w/v solution of 2,3,5-triphenyl tetrazoliuin chloride (Sigma Chemical Co., St Louis, USA) (Moore 1973 ) in darkness at 25 "C. A variable number of fruits from each trap was tested in 1997 to allow distinction between slopes and traps as well as distance from the AT.
S E E D L I N G E M E R G E N C E Germinated seeds were difficult to quantify in the field, and germination was therefore evaluated as seedling emergence and is probably an underestimate. Percentage emergence at each altitude was determined dividing the November density of recently emerged seedlings (i.e. those with cotyledons, see next section for sampling method) by the number of viable seeds dispersed in the preceding season. Separate values were calculated for the two slopes in 1997, but only a combined value in 1996.
Germination in the alpine zone, to which few seeds are dispersed, was assessed experimentally. Only a small number of 690-111 seeds were available and these were of poor quality, so only fruits collected at 450, 530 and 630111 a.s.1. were used. The number of fruits from each source needed to give 30 viable seeds was calculated to allow for the altitudinal variation in fruit and seed quality (Cuevas & Arroyo 1999): where T F = total of fruits sown, and FS and S V are the percentage of seed-bearing fruits and viable seeds, respectively. Fruits were sown in April 1996 into plastic baskets (18 x 18 x 7 cm) filled with local soil, and a group of four baskets (one for each seed source and an unsown control to detect pre-existing seeds in the soil) was placed in each of six 0.25 -111' plots randomly positioned either in the alpine zone (as 740-m seed traps) or 20m within the forest (as 690-nl seed traps) on the north-west slope. The baskets were covered with mosquito netting between February and April 1996 to prevent additional fruit rain. Stainless steel mesh was used to exclude herbivores. Seedling emergence was determined seven months after sowing (November 1996) , and the bas-, kets~~ checked~~~ in~~~, 1997 and were ~ again February newly emerged seedlings were counted, as were survivors and those that had died between the first and second inspections. Maxiinurn emergence corrected for the number of seedlings observed in the controls, is reported here.
S E E D L I N G D E N S I T Y
One hundred subplots (25 x 25 cm) per altitude per slope, randomly distributed in the 0.25 ha plots where the fruit rain deternlinations had been made, were sampled for the density of established ( 21-year-old) and recently emerged seedlings ( < l-yearold) in February and November 1996 and .
Seedling abuildance at and above the AT was estimated by countiilg seedlings along 100-m linear transects laid out in April 1997, on each slope parallel to the AT and 0, 5, 10 or 20m from it. A single density value per slope was recorded for each (fixed) distance to the AT.
Plots (40 x 40cm) were laid out at each altitude on both slopes under the canopy and in gaps. Four to seven plots were needed to ensure that each site (i.e. combination of altitude, slope and environment) contained at least 100 individuals (maximum 581). A total of 45 smaller (20 x 20cm to 10 x 10cm) plots were laid out at 690111 on each slope, but because of the low density these contained only 53 and 67 seedlings (north-west and north slope, respectively) and there were no gap sites. Seedlings which had emerged in spring 1996 were marked with coloured wire (by the end of February 1997 for sites under canopy and by the end of April 1997 for gaps). Survival was monitored for 12months.
Transplantation was needed to provide sufficient seedlings to determine survival close to the AT. Soil around 1996 seedlings at 630m a.s.1. on the north slope was cut with a shovel and transferred to plastic baskets (29 x 21.5 x 7c1n deep), with six to 64 individuals per basket. Baskets were transferred to the AT (site O), 10111 to the interior of the forest (site -lo), and 7 and 14m above the AT (sites + 7 and + 14m, respectively) with 32 baskets evenly distributed over eight randomly chosen sectors at each location. When all baskets were in place, 2-3 days after transplantation, the seedlings were marked and counted (588, 620, 659 and 703 individuals at time 0 for sites -10, 0, + 7 and + 14 m, respectively). The survivors were counted 8, 103, 353 and 460 days after transplantation. The effect of transplantation, which was colnmon to all individuals, should not lead to differences in survival between sites and was not therefore evaluated. 
Inforinatioil on total fruit rain, the density of emerged seedlings and their survival 1 year after emergence was used to construct pyranlids showing the variation in abundance of the different life cycle stages for cohorts recruited between 1996 and 1997. As the proportioil of seed-bearing fruits and seed viability were known, it was possible to determine the absolute abundance of each of the stages.
Results
F R U I T A N D S E E D R A I N I V I T H I N T H E F O R E S T
The mean fruit rain depended on both altitude and location (Fig.2) . In 1996, fruit rain declined with increasing altitude on the north slope (KruskalWallis test, P < 0.005, d.f. =3), but not on the north-west slope ( P =0.08). Fruit rail1 was much lower in 1997 (mean 3% of 1996 values; Fig.2 ), although altitudinal trends within the forest were similar. The tendency for fruit rail1 to increase from 630 to 690111, seen on north-west slope in 1996. became sigilificant for both slopes in 1997. Unexpectedly, fruit rain at the actual AT (measured only in 1997) was high and was generally significantly higher than any of the forest levels ( Fig. 2 ; P < 0.01, non-parametric Fisher's LSD test, Conover 1980) .
In 1996, the proportioil of seed-bearing fruits declined with increasing altitude from 71 % to 12% (Fig. 3a) . Only one sample was taken per altitude and a G-test of independence (rather than KruskalWallis) was needed to test the significance of this relationship (GaCIj= 140.8, P < 0.005. d.f. = 3). Unfortunately, the G-statistic does not perinit n 110s-teriori tests in order to detect where the differeilces are located. In 1997, the data ailalysis distinguished between slopes and seed traps, perinitting the use of the Kruskal-Wallis test. Less than half of the 1997 fruits contained seeds, but there was an altitudinal effect on both slopes ( P < 0.005, d.f. =4), with a inaxiinum value at intermediate altitude (530111 on the north-west slope, 530-630 on the north slope; Fig. 3a) .
Seed viability showed a slight decline with increasing altitude in 1996 (86% vs. 60%; Fig. 3b ), although the G-test of independence did not reveal any significant difference (GzIClj = 4.5, P > 0.1, d.f. = 3). A decline was also seen in the 1997 data set and was significant on the north but not on the northwest slope ( P < 0.005 vs. P = 0.09, respectively, d.f. =4). Thus, although fruit rain was inaxiinal at the AT, very few viable seeds were produced coillpared with the forest interior.
The number of traps in which fruits fell, as well as the number of fruits per trap, was very low in 1997 nificant effects difficult. An increased trap area in years when production is low would therefore be needed to confirm that variation with altitude is indeed absent.
F R U I T A N D S E E D D I S P E R S A L I N T O T H E A L P I N E Z O N E
In 1996, no fruits reached the traps at 740m, suggesting that even when fruit productioil is high, dispersal distances are less than 110m. All data for fruit dispersed into the alpine zone therefore refer to 1997, when fruit rain showed an exponential decline with distance from the AT for both slopes (Fig.4) , with most fruits within 20m of the AT (only one nut at 40n1 and two at 80m on the north slope). Similar results were obtained in 1998 (Cuevas 1999) . Fruits dispersed into the alpine zone probably originated at the AT, where fruit production is high (Fig. 2) and therefore migrated up to about 20m from their source, up a slope with a gradient between 13" and 22" (Cuevas 1999) .
Few fruits dispersed into the alpine zone contained seeds (maximum 6%; recorded inside the forest ( Fig. 3a ; P < 0.01, Fisher's LSD test). N o viable seed was detected in any of the fruit trapped above the AT (Figs 3b, 12) , further reducing the probability of establishment here.
S E E D L I N G E M E R G E N C E As expected, seedling emergence decreased with increasing altitude (Table2) from a maxinlum at 450m to very low levels in the plot adjacent to the AT (690111). This trend was apparent in 1996 (35% to 2%) and, with much lower values, on the north slope in 1997. N o seedlings emerged on the northwest slope in 1997.
Also as expected, emergence from experimentally sown seeds was higher inside the forest (mean 29%) than in the alpine zone (0.7%; two-way non-parametric ANOVA, Scheirer et crl. 1976; Sokal & Rohlf 1995; Haltitudc=21.7, P < 0.005, d .f. = 1; Fig. 5 ), but it was independent of seed source (Hso,,,,= 2.4. P > 0.1, d.f. = 2; non-significant interaction between source and sowing altitude: Hintcractlon = 0.1, P > 0.9, d.f. =2). Only four seedlings emerged from the 540 viable seeds sown in the alpine zone and all were dead by February 1997. Seeds from the different sources varied in mass (see Discussion), and the No fruits trapped the increased density in November when both slopes showed declilles towards the AT (P < 0.005; d.f. = 3). Natural regeneration, expected because high levels of fruit production in 1996 should be reflected in seedling recruitment, only occurred at low altitudes (Fig. 6 ).
Recr.~ritluelzt at the
The AT does not represent the upper altitudinal limit for lenga seedlings (Fig. 7) , although their density did decline exponentially with increasing distance above it. The liinit was between 5 and 10m fro111 the AT for the north slope or between 10 and 20m for north-west slope. No sapliiigs or new seedlings (that had survived from 1996) were observed above the AT.
S E E D L I N G SURVlVAL
Seedling survival rarely showed a sigilificallt altitudinal variation. A11 effect was only observed under the canopy on the north slope ( P < 0.005. d.f. = 3; P > 0.17 ill relnaiiling six cases) and surprisingly survival was then higher adjacent to the AT than within the forest (Fig. 8) . In the region close to the AT, where traiisplaiited seedliiigs were followed, survival differed between destination sites (P < 0.005, d.f. = 3. for each census). Even short-tern~ survival was lower in the alpine zone (+7 aiid +141n sites) than inside the forest (-10m site) and at the AT (Om site) and this trend became more marked over time (Fig.9) . Seedling survival was greater at the AT than at 10m inside the forest by February 1997. significantly so from November 1997. Mortality occurred primarily in the 3 months following transplaiitation ( Differences between the lower and upper forest levels are amplified as the life cycle progresses. For instance, for the 1996 cohort within the forest, where five stages can be considered (Fig. lo) , the ratio between the two extremes increases fro111 only 1.5 for fruit production to approxi~nately250 for emergence and survival. For the 1997 cohort (Fig.  1I) , when less fruit were produced, the same qualitative pattern was seen within the forest as in 1996, although the ratios between the extremes were smaller. The AT was included in this analysis and although initial individual abundance (total fruits) was greatest there, this advantage was lost at subsequent stages of the life cycle (Fig. 11) .
In the alpine zone (Fig. l2) , the establishment probability declines abruptly with increasing distance from the AT. Only three stages of the life cycle are relevant, since there was no dispersal of viable seeds into the alpine zone in 1997, making it a den~ographically'dead year' here, but not in the forest.
The most severe bottlenecks appear to occur in Recr~litn~ent at tlze Nothofagus puinilio tii?~be~.line only 8.7% of the viable seeds dispersed. These factors therefore control regeneration of lenga within the forest, although emergence effects may be due to germination as well as emergence per se. On the other hand, seed viability and experimental enlergence (Fig. 5) were the most severe restrictions recorded in the alpine zone in the period from 1996 to 1997 (0% and 0.7%, respectively).
Discussion
F R U I T A N D S E E D R A I N
Most studies have reported a continuous decrease in fruit production with increasing altitude, including other Nothofagus species such as N. so1and.i var.
cllfortioides (Wardle 1970; Allen & Platt 1990) , N. n~enziesii (Manson 1974) , and in several species of Picea (Black & Bliss 1980; Wardle 1981; Szeicz & MacDonald 1995) and the shrub Voccinitmz n~yrtil-lus (Woodward 1986 ). This first report of maximum fruit rain at the AT is difficult to explain, because both natural forest borders and those created by fragmentation are associated with adverse environmental conditions (Tranquillini 1979; Murcia 1995) . Similar results were obtained in 1998 (Cuevas 1999) , suggesting that AT individuals may experience better conditions for fruit production, perhaps due to higher solar radiation and extremes of temperature in the alpine zone than in the interior of the forest (Murcia 1995) . AT trees do show greater foliage development but any accruing advantage extends only to the fruit rain because both the proportion of seed-bearing fruits and seed viability are much reduced. Detailed ecophysiological studies are required in order to ascertain whether there are differences in photosynthetic rates. The proportion of seed-bearing fruits varied with altitude (maxima at 450 m in 1996 and at 530-630 m in 1997) as found for other species (Wardle 1970; Mailson 1974; Allen & Platt 1990) , even if some have described this as viability.
The apparent independence of seed viability (determined through the tetrazolium test) from altitude observed here may be due to low sample size and the limited altitudinal range (only 240 m). These two factors are correlated in Sorbus aucuparia (Barclay & Crawford 1984) and in alpine plants such as Oxyria digyna (Billings & Mooney 1968) .
Large interannual fluctuations in fruiting have been documented for Notlzofagus solandri (Allen & Platt 1990 ) as well as lenga (Mascarefio 1987) , where there was a 5-19-fold variation between 1977 and 1986 at two sites in Chile. Although data from some years were missing, the results suggest that maximum fruit production occurs every 7 years, and a coiltiiluous study between 1981 and 1997 at a mainland site only 250 km from Vicuiia documented peaks in 1982 in , 1988 in and particularly 1996 regeneration. Limitation of recruitmeilt by seed production is particularly severe close to the AT. This restriction could be imposed by pollination (Allen & Platt 1990) or the resources allocated to seed production. or both. Seed dry mass decreased sigllificailtly at Balseiro mountain from 9.7 + 0.4mg at 450111 to 3.6 5 0.5mg at 690m (Cuevas 1999) , suggesting that resource limitation as a consequence of the short growing season and low photosynthetic rates as compared to lower altitudes (Baker 1972 lilg fru~ts and viable seeds decrease altitudinally.
Reductioils in the proportion of seed-bearing fruits, in seed mass and, to a lesser extent, in the percentage of viable seeds near the AT leads to an overall deficit in the reproductive output, despite the high fruit rain at the AT.
F R U I T A N D S E E D D I S P E R S A L I N T O T H E A L P I N E Z O N E
Although dispersal distances were only measured in the less productive year (1997), nearly all of the fruit rain was restricted to the 20m adjacent to the AT (maximum 80 m). Even in good years Nothofagtrs so1rmcli.i var. cl!fJoi.tioides fruits do not disperse beyond 15 m from the AT (Wardle 1985b) , although N. ~lleilziesiinuts reached up to loon1 beyond the forest border (Wardle 1984) and might occasionally migrate several kiloinetres (Wardle 1984) . Norhofagtu nuts are not adapted for long-distance dispersal (Poole 1950; Donoso 1993 ) and gravity deposits illost close to their source (personal observation), whereas animal-dispersed species (in particular Pilitls and Juniperus) can dissemiilate widely (Ligon 1978; Tomback 1978; Lanner & Vander Wall 1980) . Rare long-distance dispersal events might be important but the coiltinuous distribution of lenga forests on Tierra del Fuego, and the abrupt border of the timberline, suggest that it is extremely unlikely that isolated adult trees will establish in the alpine zone. The quality of both the fruit and the ellclosed seed was much poorer at or above the AT than inside the forest, with zero viability in 1997.
Nothofcrg~~s solmdr~i var. cl~j'?ortioides in New
Zealaild shows a similar trend (Wardle 1985b), although no relation existed between distance to the AT and the proportion of seed-bearing fruits or seed viability in either study.
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both the forest and the alpine zone collsistent with previous results in several species (e.g. Schmidt-Vogt 1964; Wardle 1970; Baig 1972) . According to Wardle (1984) , the small seed size, and therefore limited nutrient reserves, of the majority of Nothofkgzw species makes their seedlings unable to develop extensive root systems. Early desiccatioil and mortality is therefore likely to occur towards the AT and in the alpine zone, where rapid and frequent drying due to wind action (Alberdi 1995) is intensified by altitude, even though it rains or snows periodically (personal observations). Poor soil development in the alpine zone and competition with alpine vegetation (Black & Bliss 1978; Arno 1984; Hobbie & Chapill 1998) will make 'safe sites' scarce and with non-directed dispersal (sensu Howe & Smallwood 1982) few seeds will reach them.
Seedling emergence from experimental sowiilgs decreased sharply above the AT. Although Wardle (1984) It is likely that non-germinated seeds were dead by the summer of 1997, as the species only fornls a transient seed bank in the soil between February and September (Cuevas & Arroyo 1999) .
S E E D L I N G D E N S I T Y
The results confirm the presence of an abundant seedling bank in lenga forests (see Schmidt & Urzi~a 1982; Arroyo 1995) . The maximum mean density (1 144 seedlings 111~7 following abundant seeding in 1996 is about 15 times that reported by Arroyo (1995) .
Seedling density paralleled the decline in fruit rain along the altitudinal gradient within the forest but showed no increase at the AT. The greater range of variation in seedling abundance was due to the very limited seed production and seedling einergence at 690 m. Similar results were obtained in iVotlzofkg~~s solc/ndr.i var. cliffor.tioides (Wardle 198 1, 198%) . Other reports for lenga (Arroyo 1995) show that seedling density reaches a nlaxiilluin at intermediate altitudes.
Although Notlzofkg~~s sola17d1.i var. c/lffor.tioiiles nuts are dispersed up to 15 m above the AT (Wardle 1985b) , seedlings only establish within 12111 (Wardle 1981) . In lenga maximum fruit dispersal (20 1n) is similarly slightly greater than seedling encroacl~ment (10-20 m). Although many fruit were produced in 1996, and establishment was successful at lower altitude, there were no 1996 seedlings in the alpine zone by April 1997. Recruitment in there is extremely low, regardless of the level of fruit production.
S E E D L I N G S U R V I V A L
Previous studies (Wardle 1984 ; for seeds of different altitudinal sources sown in a nursery) suggest that seedling survival will also decrease with altitude. Of the eight site x time coinbinations studied here, only two showed any trend, and this was increased survival towards the AT. Severe mortality would have occurred during Nove~nber 1996 to February 1997 (prior to the first census) and might have attenuated any differences that existed. Initial seedling density at 690 m was less than 1 % of that at 450 m and density-dependent effects might therefore also be important. Seedlings of the upper forest were probably exposed to less intraspecific competition, counteracting and possibly even overcoming negative inicroclimatic effects. The reduced nulnber of seedlings available at 690m may also have contributed to infrequency of statistically significant effects.
Seedlings transplanted to the vicinity of AT showed greater survival at the AT itself than inside the forest or in the alpine zone. The nlajor cause of lenga seedling mortality was probably sulnnler desiccation, typified by the orange colouration of the cotyledons. Although cold could also have contributed to mortality, seedlings are protected during winter by natural leaf loss and the presence of a snow pack that reaches a maximum depth of 30cm (personal observations), and the decrease in seedling survival during the winter was much lower than in the 3 months after being transplanted. Detailed ecophysiological studies are required to determine if other factors, such as higll solar radiation (Ronco 1970) or low soil nutrients (Hobbie & Chapin 1998) in the alpine zone, contribute to the observed mortality.
Gaps within the forest have a positive effect on seedling survival in gap strategist species like lenga Donoso 1995) . The alpine zone might be considered equivalent to a very large gap, but adverse climate overrules any enhancement of survival. At the AT itself however, intermediate conditions of light, humidity, and temperature may permit better survival than under the forest canopy. In combination with the increased fruit rain, this suggests that the forest border could even be more favourable for tree existence than either of the adjacent sectors.
The model shown in Fig. 13 would explain the origin and abrupt nature of the alpine ti~~lberlines that characterize many temperate forests of the southern hemisphere, which are often con~posed of wind dispersed ~Votlzofrrg~~s 1984; Donoso species (Wardle 1993) . Most demographic variables decrease towards the AT, although fruit rain then rises to a inaximum at the AT, as does seedling survival, which does not fluctuate within the forest. The probability of adult establishment therefore decreases towards the AT. Above the AT viable seeds will become increasingly scarce due to their low frequency (despite fruit production) at the AT and increasing distance from any source. The scarcity of safe sites and the harsh microclimatic conditions in the alpine zone (Tranquillini 1979) would iinpose further restrictions on seedling einergence and survival, which again will decrease more rapidly than within the forest. Zero or very limited regeneration in the alpine zone would lead to the formation of an abrupt border, although regeneration of adult trees might be possible near the AT where the canopy provides protection. Limited seedling survival in the alpine zone may be responsible for the origin of an abrupt border in A~othofrrgus so/ai~&i var. cllfoitioiiles (Arno 1984; Wardle 1985a) , but in lenga it may be combined with f~lrther demographic restrictions operating before, during and possibly after the seedling stage. According to the model, limits for later stages of the life cycle become progressively closer to the AT (Fig. 13) , the maximum altitude where it is possible to survive to the adult stage.
Although the model is based on real data, some of its assumptions may not be realistic. No data are available towards the lower timberline, but it is assumed that all variables reach a inaximum at the same point inside the forest and that this position does not vary between years. The curves are shown not intersecting each other, although seedlings emerged from seeds sown llOm (linear distance) above the AT where there was no natural seed rain during the three study years. This contradicts the prediction that the latest stage reached in the life cycle is inversely correlated with the distance above the AT, but it is very improbable that viable seeds would arrive there naturally, and would also be able to establish. Maximum dispersal into the alpine zone of 20n1 ( data, Cuevas 1999 suggests that, in reality, the curves do not intersect.
A B R U P T V E R S U S T R A N S I T I O N A L L I M I T S
Ecotonal or transitional alpine tilnberlines are also known. In these, the density decreases from closed stands, via isolated individuals progressively lower in stature, to prostrate individuals called 'krummholz' (Tranquillini 1979) . Although the model illu- Arno 1984) , which allows a greater penetration into the alpine zone and a directed dispersal to safe sites, due to the endozoochory, which may further favour germination in open sites (Tranquillini 1979) . Modification of the model to consider transitional timberlines should take these factors into account. The seedlings of species with transitional limits might be expected to be shade-intolerant enabling them to survive in open sites without canopy protection (Walter 1968) . Although some Nothofagus species can survive several decades in shade (Henriquez et al. 1997) , they do not fulfil the expectation of shade tolerance because they are incapable of reaching the arboreal stratum without a canopy opening (Veblen 1985; Veblen & Lorenz 1987; . The possibility of mortality due to low spring temperatures mean that lenga can only grow where levels of solar radiation are high, and yet as it must also receive protection from the surrounding trees in order to avoid summer desiccation, it is restricted to gaps within the forest.
T H E S T U D Y O F A L P I N E T I M B E R L I N E S
Traditionally, timberline researchers have been divided between those supporting ecophysiological explanations (for instance, Michaelis 1934a,b; Tranquillini 1979; Cabrera 1996) and those emphasizing the demographic importance of the reproductive potential of trees at the AT (for instance, Black Ecological Society Journal of 'Ecology, 88, 840-855 & Bliss 1980; Kearney 1982; Grace 1989) . Consideration of the environmental conditions acting physiologically on individuals suggests that the lower reproductive potential at the AT is a consequence of the smaller carbon balance of trees compared with those growing at lower altitudes. This decreased carbon balance also increases the susceptibility to environn~ental damage and as pressures increase beyond the AT, the population size will fall to levels where it becomes very difficult to observe adult establishment.
The concept that distribution limits are determined at several life cycle stages suggests an approach for determining the demographic factors responsible for the upper liinit of shr~ib formations or of cushion plants. A very short period (3 years) of the lenga life cycle was evaluated in the present study, and long-term studies will be needed to determine whether there are additional bottlenecks between establishment and the adult stage. Many ATs have been established for decades or centuries and their medium and long-term dynamics are already under analysis, but a full understaildlng of the rarity of establishment at the AT and within the alpine zone will require a longer time-scale data than is currently available.
